Phosphatidylinositol 3-kinase (PI3K) activation is necessary for insulin-responsive glucose transporter (GLUT4) translocation and glucose transport. Insulin and platelet-derived growth factor (PDGF) stimulate PI3K activity in 3T3-L1 adipocytes, but only insulin is capable of stimulating GLUT4 translocation and glucose transport. We found that PDGF causes serine/threonine phosphorylation of insulin receptor substrate 1 (IRS-1) in 3T3-L1 cells, measured by altered mobility on SDSpolyacrylamide gel, and this leads to a decrease in insulin-stimulated tyrosine phosphorylation of IRS-1. The PI3K inhibitors wortmannin and LY294002 inhibit the PDGF-induced phosphorylation of IRS-1, whereas the MEK inhibitor PD98059 was without a major effect. PDGF pretreatment for 60 -90 min led to a marked 80 -90% reduction in insulin stimulatable phosphotyrosine and IRS-1-associated PI3K activity. We examined the functional consequences of this decrease in IRS-1-associated PI3K activity. Interestingly, insulin stimulation of GLUT4 translocation and glucose transport was unaffected by 60 -90 min of PDGF preincubation. Furthermore, insulin activation of Akt and p70 s6kinase , kinases downstream of PI3K, was unaffected by PDGF pretreatment. Wortmannin was capable of blocking these insulin actions following PDGF pretreatment, suggesting that PI3K was still necessary for these effects. In conclusion, 1) PDGF causes serine/threonine phosphorylation of IRS-1, and PI3K, or a kinase downstream of PI3K, mediates this phosphorylation. 2) This PDGF-induced phosphorylation of IRS-1 leads to a significant decrease in insulin-stimulated PI3K activity. 3) PDGF has no effect on insulin stimulation of Akt, p70 s6kinase , GLUT4 translocation, or glucose transport. 4) This suggests the existence of an IRS-1-independent pathway leading to the activation of PI3K, Akt, and p70 s6kinase ; GLUT4 translocation; and glucose transport.
Tyrosine kinase receptors such as the insulin receptor, the epidermal growth factor (EGF) 1 receptor, and the plateletderived growth factor (PDGF) receptor activate many of the same signaling cascades. The two most prominent shared pathways are the phosphatidylinositol 3-kinase (PI3K) and the microtubule-associated protein kinase (MAPK) pathways. Activation of MAPK leads to mitogenic progression and may be involved in differentiation (for review, see Ref. 1) . Numerous studies using inhibitors of PI3K activity, expression of constitutively active PI3K, and microinjection of dominant negative inhibitors of PI3K have all demonstrated that PI3K is necessary for the mitogenic effects of many growth factors and is both necessary and sufficient for the metabolic effects of insulin (2) (3) (4) (5) (6) (7) . PI3K is composed of two subunits, an 85-kDa regulatory subunit (p85) and a 110-kDa catalytic subunit (p110). The p85 subunit is composed of an N-terminal Src-homology 3 (SH3) domain and 2 Src-homology 2 (SH2) domains. The SH2 domains flank the region where the p110 associates with p85. The SH2 domains interact with phosphotyrosine residues, leading to subsequent activation of the p110 catalytic subunit (for review, see Ref. 8) . Insulin stimulation leads to the tyrosine phosphorylation of insulin receptor substrates 1 and 2 (IRS-1/2) and the association of PI3K with the SH2 binding sites contained within these proteins. PDGF and EGF activate PI3K through its association with phosphotyrosines located in the C terminus of their receptors.
PI3K exhibits both lipid and protein kinase activities. PI3K phosphorylates the D3 position of the inositol ring of phosphatidylinositols, causing the production of phosphatidylinositol 3,4-bisphosphate (PIP 2 ), and phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) (8) . The role of PIP 2 and PIP 3 , the primary products of PI3K, has been elusive. Recently, a role for PIP 2 and PIP 3 in the activation of an Akt kinase has been discovered (9) . PI3K also phosphorylates proteins on serine/threonine residues (10 -12) . The insulin receptor substrate-1 (IRS-1) is an in vitro substrate for this activity (11, 12) .
3T3-L1 adipocytes provide a means to study the metabolic effects of insulin in a cell culture system. These cells express insulin, PDGF, and EGF receptors. Each of these ligands is capable of activating MAPK in these cells, but only insulin and PDGF activate PI3K (13) . Despite the disparity in insulin and PDGF receptor number in these cells, PDGF and insulin activate PI3K to a similar extent. Because the activation of PI3K has been shown to be necessary for the metabolic effects of insulin, such as the translocation of the insulin-stimulated glucose transporter, GLUT4, to the cell membrane, glucose uptake, and glycogen synthesis, it has been puzzling as to how insulin, but not PDGF, causes translocation of GLUT4 and glucose transport when both of these ligands cause stimulation of PI3K (2) (3) (4) (5) (6) (7) .
In this study, we investigated the interplay between insulin and PDGF signaling cascades in 3T3-L1 adipocytes. Insulin and PDGF lead to different time courses of activation of PI3K, with insulin causing a sustained activation of PI3K and PDGF generating transient effects. PDGF pretreatment stimulates the serine/threonine phosphorylation of IRS-1, interfering with the ability of insulin to activate PI3K. Serine phosphorylation of serine 612, one of the major serine phosphorylation sites in IRS-1, may inhibit tyrosine phosphorylation of tyrosine 608, a site of IRS-1/PI3K interaction (14) . Importantly, this inhibition of IRS-1-associated PI3K activity had no effect on insulin induction of glucose transport, GLUT4 translocation, or Akt and p70 s6kinase phosphorylation. These biologic effects of insulin remain PI3K-dependent, however, because they are blocked by PI3K inhibitors. These results indicate that PI3K can be activated under the direction of insulin by an IRS-1/IRS-2-independent pathway. It appears that whereas PI3K activity is necessary for the metabolic effects of insulin, IRS-1 phosphorylation is not essential. were obtained from New England Biolabs (Beverly, MA). IRS-1 and p85␣-N-SH3 antibodies and recombinant protein A-agarose were from Upstate Biotechnology (Lake Placid, NY). pY20 antibody and RC-20 were from Transduction Laboratories (Lexington, KY). The GLUT4 antibody, 1F8, was obtained from East Acres Biologicals (Southbridge, MA). Horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham Pharmacia Biotech. Enhanced chemiluminescence reagent was obtained from Pierce.
EXPERIMENTAL PROCEDURES

Materials
Cell Culture-3T3-L1 fibroblasts were maintained in Dulbecco's modified Eagle's medium, high glucose, containing 10% calf serum. Postconfluency fibroblasts were differentiated into adipocytes by changing the medium with Dulbecco's modified Eagle's medium, high glucose, containing 10% fetal calf serum, 1 g/ml insulin, 0.1 g/ml dexamethasone, and 112 g/ml isobutylmethylxanthine. The medium was removed after 2 days and replaced with Dulbecco's modified Eagle's medium, high glucose, containing 10% fetal calf serum, Glutamax, and 1% penicillin-streptomycin. Seven days after the addition of the differentiation mix, the cells were plated in 6-or 12-well dishes at densities of 8 ϫ 10 5 and 4 ϫ 10 5 , respectively. The medium was changed every 2-3 days until use, 12-15 days postdifferentiation. Approximately 80 -90% of the cells exhibited large lipid droplets indicative of adipocytes.
Measurement of PI3K Activity-3T3-L1 adipocytes were stimulated with 100 ng/ml insulin or 50 ng/ml PDGF or pretreated with PDGF for various times and then stimulated with insulin for 5 min. Cells were lysed at 4°C in a lysis buffer containing 50 mM, 150 mM NaCl, 1% Triton X-100, 4 mM sodium orthovanadate, 20 mM sodium pyrophosphate, 200 mM sodium fluoride, 10 mM EDTA, 2 mM phenylmethylsulfoxide, and 10% glycerol, pH 7.4. Lysates were centrifuged at 14,000 ϫ g for 10 min at 4°C. Supernatants were incubated with pY20 antibody and anti-mouse IgG agarose or IRS-1 antibody and recombinant protein A-agarose overnight at 4°C. Beads were pelleted by a 10-min spin at 14,000 ϫ g. Pellets were washed three times with Buffer A (Trisbuffered saline, pH 7.5, 1% Nonidet P-40, and 100 M Na 3 VO 4 ), three times with Buffer B (100 mM Tris, pH 7.5, 500 mM LiCl 2 , and 100 M Na 3 VO 4 ), and twice with Buffer C (10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, and 100 M Na 3 VO 4 ). Pellets were resuspended in Buffer C without the Na 3 VO 4 . As described previously (15) PI3K -Adipocytes plated in 6-well dishes were stimulated at 37°C with insulin, PDGF, or PDGF followed by insulin for the times indicated. Some wells were treated with wortmannin (100 nM), LY294002 (20 M), or PD98059 (30 M) for 20 min prior to the addition of PDGF. Cells were lysed in the lysis buffer mentioned above and spun for 10 min. Antibodies to IRS-1, pY20, or p85 were added to supernatants overnight at 4°C. Recombinant protein A-agarose or anti-mouse IgG agarose was added for 2-4 h at 4°C to precipitate IRS-1 complex or p85 and pY20 protein complexes, respectively. Pellets were washed three times in lysis buffer. Laemmli's buffer was added to the pellets and boiled for 5 min. Samples were separated by SDS-PAGE on 5 or 7.5% polyacrylamide gels. Proteins were transferred to nitrocellulose and blotted with IRS-1, pY20, or RC-20 antibodies according to the manufacturer's instructions. Following incubation with horseradish peroxidase-conjugated secondary antibodies (except in the case of RC-20), proteins were visualized by enhanced chemiluminescence. Serine/threonine phosphorylation of IRS-1 was determined by a reduction in the electrophoretic mobility of IRS-1.
Assessment of GLUT4 Translocation and Glucose Uptake-3T3-L1 adipocytes, 12 days postdifferentiation, were preincubated with or without PDGF for 90 min followed by 10 min of insulin stimulation. The translocation assay was performed as described previously (17) . Cells were washed with ice-cold phosphate-buffered saline, fixed in 3.7% formaldehyde, and incubated with anti-GLUT4 (1F8) antibody overnight at 4°C. After rinsing in phosphate-buffered saline, a second incubation was performed with fluorescein isothiocyanate-conjugated anti-mouse IgG antibody for 30 min. Cells positive for GLUT4 translocation show an increase in plasma membrane-associated fluorescent staining. The percentage of cells positive for GLUT4 translocation was determined by analyzing 150 -200 cells. For glucose transport, 3T3-L1 adipocytes, 12 or 15 days postdifferentiation, were washed four times with KRP-Hepes containing 1% bovine serum albumin and 2 mM pyruvic acid, pH 7.4. Cells were then stimulated at 37°C with 1, 10, or 100 ng/ml insulin for 10 min or with 10 or 50 ng/ml PDGF for 60 or 90 min or pretreated with PDGF for various times followed by 10 min of insulin stimulation. Following stimulation, cells were removed from the incubator, and the buffer was replaced with room temperature buffer. Glucose uptake was assessed by the addition of 0.1 mM 2-deoxyglucose containing 0.2 Ci of 2-[ 3 H]deoxyglucose as described previously (18) . Nonspecific uptake was assessed by the addition of 0.1 mM L-glucose containing 0.2 Ci of L-[ 3 H]glucose. The reaction was stopped by aspiration and extraneous glucose was removed by four washes with icecold phosphate-buffered saline. Cells were lysed in 1 N NaOH, and uptake was assessed by scintillation counting. Samples were normalized for protein content.
Assessment of Akt and p70 s6kinase Activation-Adipocytes were stimulated at 37°C with 100 ng/ml insulin for 10 min or with 50 ng/ml PDGF for 10, 60, or 90 min, or they were pretreated with 50 ng/ml PDGF for 60 or 90 min followed by 100 ng/ml insulin for 10 min. Cells were or were not pretreated with wortmannin (100 nM) and LY294002 (20 M) for 20 min prior to the addition of PDGF. Cells were lysed in the buffer mentioned above and spun for 10 min at 14,000 ϫ g at 4°C. Equal fractions of the total lysates were mixed 1:1 with 2ϫ Laemmli's buffer, boiled for 5 min, and loaded on a 7.5% polyacrylamide gel. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked in 5% milk overnight at 4°C. Following blocking, membranes were incubated with antibodies to Akt, phospho-Akt, or phospho-p70 s6kinase for 2-4 h at room temperature, and a blotting procedure was followed according to the specifications of the manufacturer. Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies and proteins were visualized by enhanced chemiluminescence.
RESULTS
Insulin and PDGF Stimulation of PI3K in 3T3-L1
Adipocytes-Activation of PI3K by the tyrosine kinase receptors for insulin, PDGF, and EGF has been well documented. However, in 3T3-L1 adipocytes, only insulin and PDGF can activate PI3K (13) . Both activated PI3K rapidly, within 1-5 min following stimulation (Fig. 1) . However, the time course of activation differed for these two growth factors. The insulin-induced PI3K activity precipitable by either anti-phosphotyrosine or anti-IRS-1 antibodies was maintained for up to 3 h (Fig. 1, A and B) .
As assessed in anti-phosphotyrosine precipitates, PDGF-induced PI3K activity peaked at approximately 1-2 min, sharply decreases by 30 min and was undetectable 60 min after stimulation (Fig. 1C) . PDGF-stimulated PI3K activity in IRS-1 antibody precipitates was negligible (data not shown). The ability of insulin to maintain a sustained activation of PI3K may contribute to insulin-specific biological effects.
The Effect of PDGF on Insulin-stimulated PI3K Activity and Association with IRS-1-We wanted to determine whether the down-regulation of PI3K activity seen following 60 min of PDGF treatment could inhibit the ability of insulin to stimulate PI3K activity. We treated 3T3-L1 adipocytes with 50 ng/ml PDGF for various times followed by 5 min of 100 ng/ml insulin stimulation. PI3K activity was immunoprecipitated with phosphotyrosine or IRS-1 antibodies. Insulin-stimulated, phosphotyrosine-precipitated, PI3K activity was dramatically inhibited by preincubation with PDGF and was reduced to basal levels by 60 min of PDGF pretreatment ( Fig. 2A) . Insulin-stimulated, IRS-1-precipitated PI3K activity was partially inhibited by 60 min of PDGF pretreatment, but 90 min of PDGF reduced insulin-stimulated PI3K to basal levels (Fig. 2B) .
To confirm these results, we assessed the ability of PI3K to associate with IRS-1 by co-precipitation and Western blotting.
FIG. 1.
Time course of insulin-and PDGF-stimulated PI3K activation. 3T3-L1 adipocytes (12 days postdifferentiation) were stimulated with 100 ng/ml insulin (A and B) or 50 ng/ml PDGF (C) for the times indicated. PI3K activity was precipitated with anti-phosphotyrosine antibody (A and C) or anti-IRS-1 antibody (B). PI3K activity in the immunoprecipitates was assessed by incorporation of 32 P into phosphatidylinositol and separation of phospholipids by thin-layer chromatography as described under "Experimental Procedures." The position of the PI3K product is indicated (PIP). Representative autoradiographs are shown. Quantitative results, obtained using the NIH Image program, for B and C are shown to the right of the respective autoradiograph and represents fold increase in PI3K activity over basal activity.
FIG. 2.
Effect of PDGF pretreatment on insulin-stimulated PI3K activity. 3T3-L1 adipocytes (12 days postdifferentiation) were stimulated for the times indicated with 50 ng/ml PDGF, for 5 min with 100 ng/ml insulin, for 5 min with 100 ng/ml EGF, or pretreated with 50 ng/ml PDGF for the times indicated followed by 5 min of insulin stimulation. Cell lysates were immunoprecipitated with anti-phosphotyrosine antibody (A), anti-IRS-1 antibody (B), or anti-p85 antibodies (C). PDGFR, PDGF receptor. A and B, PI3K activity in the immunoprecipitates was assessed by incorporation of 32 P into phosphatidylinositol and separation of phospholipids by thin-layer chromatography as described under "Experimental Procedures." The position of phosphatidylinositol 3-phosphate (PIP) is shown. Representative autoradiographs are shown. Quantitative analysis 3T3-L1 cells were stimulated with insulin for 5 min, PDGF for 5 or 90 min, or PDGF for 90 min followed by insulin for 5 min. PI3K was immunoprecipitated from cell lysates with anti-p85 antibodies. Following separation by SDS-PAGE, the immunoprecipitated proteins were blotted with anti-phosphotyrosine antibodies (Fig. 2C ). As shown in Fig. 2C , insulin stimulation led to the association of PI3K with IRS-1 (second lane from left). PDGF stimulation led to a transient association of PI3K with the PDGF receptor that was no longer apparent following 90 min of PDGF stimulation (third and fourth lanes). Preincubation of the cells for 90 min with PDGF followed by 5 min of insulin decreased the insulin-induced association of PI3K with IRS-1 (right lane).
The Effect of PDGF on IRS-1 Tyrosine and Serine/Threonine Phosphorylation-The ability of PDGF to inhibit insulin-stimulated PI3K may be due to inhibition of the insulin signal transduction pathway that leads to the activation of PI3K. As indicated in Fig. 2C , IRS-1, the major route by which insulin activates PI3K, is a likely target for the PDGF effect. To assess this idea, we stimulated 3T3-L1 adipocytes with PDGF for various times followed by insulin stimulation for 5 min. IRS-1 was immunoprecipitated from lysates with antibodies to the C terminus of IRS-1 (Fig. 3A, top panel) or to phosphotyrosine residues (Fig. 3A, bottom panel) . Proteins were blotted with a phosphotyrosine antibody. As seen in Fig. 3A , insulin alone caused tyrosine phosphorylation of IRS-1 and the insulin receptor ␤ subunit (Fig. 3A, lane 2) , whereas PDGF alone led to tyrosine phosphorylation of the PDGF receptor and a 120 -130-kDa protein(s) (Fig. 3A, lane 3) . However, with increasing times of PDGF pretreatment, insulin-induced tyrosine phosphorylation of IRS-1 was inhibited, and after 90 min of PDGF pretreatment, IRS-1 phosphorylation was decreased by approximately 60% (Fig. 3A, lanes 4 -9) . Interestingly, PDGF-induced autophosphorylation of the PDGF receptor was transient, returning to basal values by 30 -45 min. (Fig. 3A, lanes 6 -9) .
3T3-L1 adipocytes were stimulated with insulin for 5 min following PDGF stimulation for various times. IRS-1 was precipitated from cell lysates following Western blotting with an IRS-1 antibody. The same antibody was used for blotting. As seen in Fig. 3B , an IRS-1 gel shift occurred following PDGF stimulation and was evident within 45 min of PDGF treatment (Fig. 3B, lane 3) . Thus, the inhibition of IRS-1 tyrosine phosphorylation was paralleled by a decreased electrophoretic mobility of IRS-1, indicating serine or threonine phosphorylation (14) . It is important to note that whereas PDGF inhibited IRS-1 tyrosine phosphorylation (Fig. 3A) , IRS-1 expression was not affected by PDGF pretreatment (Fig. 3B) . PDGF efficiently activated both the PI3K and MAPK pathways in 3T3-L1 adipocytes (13) . Therefore, we investigated the possibility that PI3K, MAPK, or proteins downstream of these pathways were responsible for the serine/threonine phosphorylation of IRS-1. We used the PI3K inhibitors wortmannin and LY294002 and the MEK inhibitor PD98059 to determine whether either of these proteins is involved. As shown in Fig. 3B , pretreatment with LY294002 or wortmannin reversed the PDGF-induced IRS-1 gel shift. Pretreatment with PD98059 caused a modest reversal of the IRS-1 gel shift (14) , but the effect was not as great as that observed with the PI3K inhibitors (Fig. 3B, lanes  5-7) . These results indicate that PI3K or a protein downstream of PI3K is involved in the serine/threonine phosphorylation of IRS-1 but that MAPK does not play a major role. This is consistent with previous reports that PI3K phosphorylates IRS-1 on serine residues in vitro (11, 12) . The serine/threonine phosphorylation and corresponding decrease in tyrosine phosphorylation of IRS-1 may act in concert to prevent the association of PI3K with IRS-1.
The Effect of PDGF Pretreatment on Insulin-induced Glucose Transport and GLUT4 Translocation-It has previously been shown that activation of PI3K is a necessary step for insulinstimulated GLUT4 translocation (19) , and it is known that (NIH Image program) is shown to the right of the respective autoradiographs. Quantitation of three experiments is expressed as fold stimulation over basal, unstimulated activity. Columns, means; bars, S.E. C, immunoprecipitated proteins were separated by SDS-PAGE and blotted with anti-phosphotyrosine antibodies. activated PI3K is sufficient for this biologic effect (5, 7) . Therefore, because PDGF pretreatment has a major inhibitory effect on insulin-stimulated PI3K activity, we evaluated the impact of PDGF treatment on insulin-stimulated glucose transport. 3T3-L1 adipocytes were stimulated with insulin or PDGF or were pretreated with PDGF for various times followed by insulin stimulation. As seen in Fig. 4A , insulin alone caused a severalfold increase in glucose transport, whereas PDGF alone had only a modest effect. Importantly, preincubation of adipocytes with PDGF for up to 60 min did not inhibit insulinstimulated glucose transport. This is in contrast to the marked effect of PDGF pretreatment to almost completely inhibit insulin-stimulated IRS-1-precipitated or antiphosphotyrosine antibody-precipitated PI3K activity.
In the above experiments, insulin was used at a maximally effective concentration, and it seemed possible that an inhibitory effect of PDGF pretreatment might be elicited at submaximal insulin levels. Thus, we conducted insulin dose-response studies in 3T3-L1 adipocytes, with and without PDGF pretreatment. As demonstrated in Fig. 4B , a 90-min PDGF pretreatment had no effect on insulin-induced glucose transport throughout the insulin concentration range. The inability of PDGF to inhibit insulin-stimulated glucose transport, despite its marked inhibitory effect on insulin-stimulated PI3K activity, does not mean that PI3K activation is unnecessary for glucose transport stimulation. In fact, the PI3K inhibitor wortmannin was fully effective at inhibiting insulin-stimulated glucose transport with and without PDGF treatment (Fig. 4B) .
In parallel experiments, we directly measured GLUT4 translocation. Following insulin stimulation, cells were fixed and permeabilized and GLUT4 translocation was visualized with immunofluorescence microscopy using anti-GLUT4 antibodies and fluorescein isothiocyanate-conjugated secondary antibodies (17, 20) . The formation of a fluorescent ring around the cell surface indicates that a cell is positive for GLUT4 translocation, whereas diffuse fluorescent staining is scored as negative (17, 20) . The results of these experiments are summarized in Fig. 5 , which shows that PDGF pretreatment did not inhibit the subsequent effect of insulin to stimulate GLUT4 translocation. Furthermore, because PDGF alone does not stimulate GLUT 4 translocation (21), it is likely that the modest effect of PDGF to increase glucose transport involves stimulation of GLUT1 translocation.
The Effect of PDGF on Insulin-stimulated Akt and p70 s6kinase
Activation-It has been suggested that the activation of Akt (protein kinase B), a serine/threonine kinase downstream of PI3K, is necessary for several metabolic effects of insulin, including GLUT4 translocation, glucose uptake, and glycogen synthase activation. Therefore, we sought to determine the effect of PDGF pretreatment on insulin-stimulated Akt activity in the adipocytes. 3T3-L1 adipocytes were stimulated with FIG. 4 . Effect of PDGF on insulin-stimulated 2-deoxyglucose transport. 3T3-L1 adipocytes (12-15 days postdifferentiation) were stimulated with 100 ng/ml insulin for 10 min or 10 ng/ml PDGF for 60 min or were preincubated with 10 ng/ml PDGF for various times followed by 100 ng/ml insulin for 10 min (A) or pretreated for 20 min with or without 100 nM wortmannin and stimulated with or without 10 ng/ml PDGF for 90 min followed by stimulation with 1, 10, or 100 ng/ml insulin for 10 min (B). 2-Deoxyglucose uptake was assessed as described under "Experimental Procedures." The results from four (A) or five (B) experiments are expressed as fold increase in 2-deoxyglucose uptake over basal, unstimulated cells. Columns, means; bars, S.E.
FIG. 5. Effect of PDGF on insulinstimulated GLUT4 translocation.
3T3-L1 cells were incubated with or without PDGF (10 ng/ml) for 90 min followed by stimulation with 10 or 100 ng/ml insulin for 10 min. insulin or PDGF or were pretreated with PDGF for various times followed by insulin stimulation. Cell lysates were then analyzed by SDS-PAGE followed by Western blotting with either an anti-Akt antibody or an antibody directed against phosphorylated Akt. With the anti-Akt antibody, retarded gel mobility indicates serine/threonine phosphorylation and activation of Akt. The phospho-Akt antibody is directed against phospho-serine at position 473, and again reflects activation of Akt kinase. Ten min of insulin stimulation led to a significant increase in Akt activation (Fig. 6A, lane 2) , as assessed with the phospho-Akt antibody (Fig. 6A, top panel) or by gel shift with the Akt antibody (Fig. 6A, bottom panel) . PDGF alone also activated Akt, but not to the same extent as insulin (Fig. 6A,  lanes 3-5) . Preincubation of the cells with PDGF for 60 or 90 min had no effect on the ability of a subsequent addition of insulin to fully stimulate Akt activation (Fig. 6A, lanes 6 and 7) . The activation of Akt, with or without PDGF preincubation, was inhibitable by treatment with wortmannin (Fig. 6A, lanes  8 and 9) , demonstrating that PI3K is necessary for Akt activation.
It has been shown that p70 s6kinase is downstream of PI3K and Akt and that activation of PI3K and/or Akt is necessary for p70 s6kinase stimulation (22) . To assess the effect of PDGF pretreatment on this pathway, adipocytes were treated with either insulin alone or PDGF alone or were preincubated with PDGF followed by insulin stimulation. The cells were then lysed, followed by Western blotting with a phospho-p70 s6kinase antibody. The results of these studies are shown in Fig. 6B and are exactly parallel to those seen for Akt activation. Thus, insulin led to an increase in p70 s6kinase phosphorylation, and the effect of insulin was greater than that of PDGF, which had only a modest and transitory effect. Importantly, PDGF pretreatment had no impact on subsequent insulin stimulation of p70 s6kinase phosphorylation. Therefore, despite the effect of PDGF to compromise the ability of insulin to stimulate PI3K activity, neither Akt nor p70 s6kinase activation was affected. The maintenance of the signaling pathway leading from PI3K to Akt and p70 s6kinase may explain why insulin-stimulated GLUT4 translocation and glucose uptake were unaffected by PDGF pretreatment. DISCUSSION We and others have previously shown that PI3K activity, as well as proper targeting of this enzyme complex, are necessary for insulin-stimulated glucose transport (2-7, 23, 24) . PDGF can stimulate PI3K activity in 3T3-L1 adipocytes but does not lead to stimulation of glucose transport (2-4). In addition, PDGF treatment can lead to serine/threonine phosphorylation of IRS-1 (25) . In the current study, we have taken advantage of these findings to study the role of PDGF on the mechanisms controlling insulin-stimulated glucose transport. The major findings of these experiments are that PDGF can cause serine/ threonine phosphorylation of IRS-1, as measured by altered mobility on a SDS-polyacrylamide gel. This effect of PDGF is inhibited by preincubation with wortmannin, indicating that the p110 subunit of PI3K is responsible for IRS-1 phosphorylation. We find that this serine/threonine phosphorylation of IRS-1 leads to a marked decrease in the ability of IRS-1 to associate with PI3K following insulin stimulation. Surprisingly, this marked decrease in insulin-stimulated IRS-1-associated PI3K activity did not lead to any measurable impairment of several downstream signaling effects of insulin, such as stimulation of GLUT4 translocation, glucose transport, and Akt and p70 s6kinase phosphorylation. These results lead to several conclusions and interpretations.
Insulin leads to extensive tyrosine phosphorylation of IRS-1, which promotes association with the SH2 domains of the p85 subunit of PI3K, leading to stimulation of PI3K activity (26) . IRS-1 can be serine/threonine-phosphorylated in vitro by the p110 subunit (11, 12) , as well as MAPK (14), and in vivo, tumor necrosis factor ␣ (27) and PDGF (25) can cause serine/threonine phosphorylation of IRS-1. Serine phosphorylation of IRS-1 has been shown to prevent its tyrosine phosphorylation by the insulin receptor (27) and, consequently, IRS-1 association with PI3K and subsequent PI3K activity (28) . We explored the functional consequences of these effects. We found that PDGF treatment of 3T3-L1 adipocytes led to serine/threonine phosphorylation of IRS-1, as monitored by mobility shift on SDSpolyacrylamide gel. This effect of PDGF can be inhibited by treatment with the PI3K inhibitors wortmannin and LY294002, but it is not greatly affected by treatment with the MEK inhibitor PD98059. These results indicate that although serine kinases, such as MAPK, can phosphorylate IRS-1 in vitro, (14) in vivo phosphorylation following stimulation with PDGF is mediated by the p110 subunit of PI3K or a serine/ threonine kinase downstream of PI3K activity.
More importantly, we studied the functional consequences of PDGF-induced IRS-1 serine/threonine phosphorylation. We found that prior treatment with PDGF caused a decrease in insulin-stimulated IRS-1 tyrosine phosphorylation and a marked impairment in the ability of IRS-1 to associate with PI3K following insulin stimulation. Cells that were pretreated with PDGF showed an 80 -90% decrease in insulin stimulatable PI3K activity, precipitated with either anti-phosphotyrosine or IRS-1 antibodies. This inhibition presumably results from a PDGF-induced modification of IRS-1 preventing PI3K from binding to IRS-1. De Fea et al. (14) recently demonstrated that the phosphorylation of IRS-1 on serine 612 causes a conformational change in IRS-1 preventing tyrosine phosphorylation of tyrosine 608, a site of IRS-1/PI3K interaction. The PDGF-induced inhibition of IRS-1-associated PI3K activity was greater than the reduction in insulin-stimulated IRS-1 tyrosine phosphorylation, indicating either that the phosphotyrosines involved in PI3K association were inhibited to a greater extent than overall IRS-1 phosphorylation or that some other biochemical event, such as a conformational change, in addition to decreased tyrosine phosphorylation, is responsible for the block in IRS-1/PI3K association. Surprisingly, this striking inhibition of insulin-stimulated IRS-1-associated PI3K activity had no measurable influence on the downstream insulin signaling events that we examined. For example, it is known that insulin stimulation of GLUT4 translocation and glucose transport is PI3K-dependent (2-7), but PDGF pretreatment had no effect on the subsequent ability of insulin to stimulate translocation of GLUT4 proteins to the cell surface or enhance glucose transport activity. On the other hand, even with PDGF pretreatment, insulin stimulation of GLUT4 translocation and glucose transport activity was still completely inhibited by wortmannin and LY294002. This indicates that these effects of insulin remain completely dependent on PI3K activity and eliminates the possibility that a PI3K-independent mechanism, such as that induced by exercise or osmotic shock (29, 30) , is responsible for the preserved insulin effect under the conditions of PDGF pretreatment. Our results show that PDGF treatment inhibits insulinstimulated IRS-1-associated PI3K activity but does not affect the ability of insulin to stimulate glucose transport, even though glucose transport remains PI3K-dependent. In essence, these results dissociate the function of IRS-1 from stimulation of glucose transport. There are several possible interpretations for these results. The simplest interpretation is that insulin stimulation of IRS-1 tyrosine phosphorylation, with its subsequent binding to and activation of PI3K, is not important for the action of insulin to stimulate glucose transport. Alternatively, it is possible that insulin stimulates glucose transport by at least two parallel pathways, which may be interacting, or redundant. If one of these pathways involves IRS-1, then the blockade of this input is counterbalanced by the alternate pathway. In this event, the alternate pathway would also involve PI3K stimulation, because our results show that under all circumstances, insulin stimulation of glucose transport is strictly PI3K-dependent. A third possibility is that only a small fraction of IRS-1-associated PI3K is necessary for full stimulation of glucose transport. Thus, although only a small amount of IRS-1-associated PI3K activity remains after prolonged PDGF pretreatment, it is possible that this amount of activity, particularly if it is sublocalized to a critical intracellular compartment, can sustain full transport activation. However, if this were the case, one would expect to observe an inhibition of transport at submaximal insulin concentrations. In other words, the dose-response curve for insulin-stimulated glucose transport should be shifted to the right. This is the case, because in the absence of PDGF pretreatment, a low concentration of insulin will lead to a greater amount of IRS-1-associated PI3K activity than will a maximal amount of insulin under conditions of PDGF treatment. As shown in Fig. 4B , PDGF had no effect on the insulin/glucose transport dose-response curve. On the other hand, it remains possible that a small amount of properly compartmentalized PI3K activity allows glucose transport to be stimulated in a permissive way and that some other insulin-regulatable input into the stimulatory process provides the gating function leading to a dose response.
The literature bearing on the role of IRS-1 in insulin-stimulated glucose transport is somewhat inconsistent. Some studies argue for a significant role, whereas other papers are more consistent with the view that IRS-1 plays only a minor role, if any, in this particular biologic effect of insulin. For example, IRS-1 knockout mice show marked growth retardation but are only mildly insulin resistant and are not diabetic (31-34). These findings are consistent with the formulation that, with respect to metabolic signaling, alternate or redundant pathways exist. Furthermore, fat cells derived from IRS-1 knockout animals show either normal glucose transport (31) or a 40 -50% decrease in glucose transport (32) (33) (34) (35) , despite a complete absence of IRS-1 function. In some studies using IRS-1 knockout mice or cells derived from these animals (31, 32) , it has been suggested that IRS-2 might compensate for the loss of IRS-1 activity, although this is not the case in all studies (34) . This is unlikely to provide an explanation for our results, because IRS-2-associated PI3K activity would have been detected in the anti-phosphotyrosine immunoprecipitates. It is interesting to note that in fat cells derived from IRS-1 knockout mice, in which IRS-1 is absent and IRS-2 is negligible, only a 50% reduction in maximal insulin-stimulated glucose transport is observed, with no change in insulin sensitivity, as detected by the insulin dose-response curve. From these studies, Kaburagi et. al. (34) conclude that an IRS1/2-independent but PI3K-dependent pathway must exist. They suggest that this alternate pathway might involve IRS-3 (34). However, signaling through IRS-3 is unlikely to explain our results, because tyrosine-phosphorylated IRS-3 (pp60) cannot be detected in 3T3-L1 cells (Ref. 34 and data not shown). Interestingly, when endogenous IRS-1 was decreased with an antisense ribozyme (36), a shift in the insulin/glucose dose-response curve was observed, whereas no change in maximal responsiveness occurred. In contrast, in fat cells derived from IRS-1 knockout mice, a decrease in maximal responsiveness was noted with no change in the doseresponse curve (32) . Other studies, in which the interleukin-4 receptor and GLUT4 were overexpressed in L6 myoblasts, show that stimulation with interleukin-4 had no effect on glucose transport, despite the fact that interleukin-4 strongly stimulated tyrosine phosphorylation of IRS-1 and its association with PI3K (37) . Similarly, Krook et al. (38) (38) are quite consistent; both show that IRS-1 phosphorylation, with PI3K activation, is not sufficient to initiate metabolic signaling, indicating that an additional insulin-derived metabolic input is necessary.
In other studies, Morris et al. (20) microinjected IRS-1 inhibitory antibodies and peptides into 3T3-L1 cells and found no inhibitory effect on insulin-stimulated GLUT4 translocation, despite the fact that other insulin actions, such as cytoskeletal rearrangement and DNA synthesis, were inhibited by these reagents. Similarly, Sharma et al. (24) used an adenovirus system to overexpress the IRS-1 PTB and SAIN domains in 3T3-L1 cells. These domains behaved as competitive inhibitors of insulin receptor/IRS-1 interactions, leading to a markedly decreased IRS-1 phosphorylation and IRS-1-associated PI3K activity. Despite this inhibition of IRS-1/PI3K, insulin-stimulated Akt activation, GLUT4 translocation, and glucose transport were normal in PTB or SAIN domain-expressing 3T3-L1 adipocytes (24) .
To further explore the mechanisms of these effects, we examined additional targets of insulin action that are thought to be downstream of PI3K. Akt, a serine/threonine kinase downstream of PI3K, is activated following insulin or PDGF stimulation (22) . Akt is activated by a dual mechanism involving the binding of PIP 3 to the Akt PH domain (9) , as well as serine/ threonine phosphorylation by one or more Akt kinases, which may themselves be stimulated by the lipid products of PI3K (9) . Furthermore, recent data indicate that activation of Akt may be necessary for GLUT4 translocation (39, 40) . The expression of a constitutively active Akt construct in rat adipocytes (39) or 3T3-L1 adipocytes (40) increases GLUT4 translocation and glucose uptake. Consistent with these findings, we show that PDGF pretreatment of cells does not impair the ability of insulin to activate Akt. Despite the fact that insulin-stimulated IRS-1-associated PI3K activity is markedly impaired by PDGF pretreatment, the effect of insulin to stimulate Akt in the presence of PDGF is still entirely inhibited by wortmannin and LY294002, indicating that Akt activation is dependent on PI3K. These results support a role for Akt as a PI3K-dependent upstream activator of GLUT4 translocation. Similarly, insulininduced p70 s6kinase phosphorylation was unaffected by PDGF pretreatment, demonstrating that the pathway from PI3K to p70 s6kinase was still intact. Taken together, our data suggest that an insulin-regulated pathway for PI3K stimulation, which is relatively independent of IRS-1/IRS-2, must exist and that this pathway is fully sufficient to activate Akt and p70 s6kinase , as well as stimulate glucose transport.
It has been suggested that the ability of insulin, but not PDGF, to stimulate GLUT4 translocation is due to unique subcompartmentalization of PI3K following insulin treatment. Insulin stimulation leads to the localization of PI3K activity to the low-density microsomal, cytosolic, and plasma membrane fractions, whereas PDGF stimulation results only in PI3K activity in the plasma membrane fraction (21, 23) . Our results are fully consistent with this idea, but they further indicate that a pathway independent of, or in addition to, IRS-1, is fully capable of affecting this unique subcompartmentalization of PI3K, such that activated PI3K in this compartment can fully stimulate Akt phosphorylation, p70 s6kinase phosphorylation, GLUT4 translocation, and glucose transport.
We propose the existence of another insulin-stimulated protein that interacts with and activates PI3K independent of IRS-1. IRS-2 has been shown to substitute for IRS-1 in adipocytes when expression of IRS-1 is compromised (31, 32) . However, because phosphotyrosine antibodies would precipitate IRS-2/PI3K activity, this is an unlikely explanation for our results. Thus, PI3K may be capable of interacting with another insulin receptor substrate, such as IRS-4 or some other protein.
Alternatively, cross-talk between insulin receptor signal transduction and G-protein coupled receptors may be an explanation for our observations. The ␤␥-subunits of G-proteins activate a PI3K that is wortmannin-sensitive (41) and leads to Akt activation (42) . Future experiments are necessary to determine the route of insulin-stimulated PI3K activity following PDGF treatment.
